A standard technique for the retrograde perfusion of an enzymatic solution was used to isolate cardiac cells from adult mouse heart. Fluorescence-activated cell sorting (FACS) on adult murine cardiac ventricle cells was performed, comparing the intrinsic autofluorescence in the FITC channel and the forward scatter (FSC) parameter in order to isolate highly fluorescent cells. The expression of cell-specific mRNAs was assessed with real-time PCR in cells sorted on the basis of their FITC and FSC characteristics. We identified two distinct subpopulations of cells harvested after retrograde perfusion of wild-type heart: FITC 
Introduction
The mammalian heart is composed of different cell types, including cardiomyocytes (CMs), fibroblasts, endothelial cells, and smooth muscle cells. Although CMs make up the majority of the heart's mass, they constitute only $30% of the total number of cells. 1 Ventricular CMs (vCMs) are characterized by specific electrophysiological properties and differ genetically and phenotypically from atrial ones. 2, 3 Obtaining living vCMs for biochemical and physiological measurements is challenging: current cellular separation methods rely upon ex vivo isolation in which the heart is digested with enzymes and the released cells allowed to settle by gravity to separate viable, rod-shaped CMs from rounded, dead CMs and most non-cardiomyocytes. The CM yield is typically 80-85%, 4 and although the method is simple, is limited by contaminating non-cardiomyocytes. Several antibody-based isolation methods have been proposed that target nuclear markers, such as pericentriolar material 1 (PCM-1), 5 or sarcoplasmic proteins. 6, 7 However, fixation and membrane permeabilization are necessary. Therefore, while providing cells for the analysis of certain biological parameters, such as DNA replication and epigenetics, methods based on fixation and permeabilization do not allow further functional or most biochemical assays. To obviate this limitation, genetic 8 and non-genetic 6,9,10 approaches have been proposed. For example, genetically encoded fluorescent proteins have been used to sort murine CMs. 11 While this method can yield highly purified CMs, it is limited by the cost of maintaining transgenic mice and by the presence of 12 Non-genetic approaches include those based on morphological parameters 13 and on the use of fluorescent dyes that accumulate specifically in subsarcomeric and intermyofibrillar mitochondria. 10 This last method has been applied to freshly isolated embryonic and neonatal CMs and to induced pluripotent stem cell-derived CMs, but not to adult CMs. Cellular autofluorescence is a widespread phenomenon exploited for the detection of cells and that is capable of providing information on morphology 14, 15 and metabolism. 16 In particular, CMs contain endogenous fluorophores, such as sarcomeric proteins, 17 aromatic amino acids, lipopigments, and pyridinic 18 and flavin coenzymes, 15, 17, 19, 20 allowing their discrimination from non-CMs. 21 Here, we describe an easy method for the detection and sorting of adult mouse vCMs, exploiting autofluorescence in the green channel and with no fixation or decoration with antibodies.
Methods

Mice
Experiments on non-transgenic animals were conducted on male C57BL/6J mice aged 8-12, 24, To induce pressure overload in adult C57BL/6 male and female mice, transverse aortic constriction (TAC) surgery was carried out as described by Greco et al. 4 In Brief, prior to echocardiography-with a Vevo 2100 high-resolution in vivo imaging system (VisualSonics Fujifilm) with a MS550S probe 'high frame' scanhead-to establish baseline parameters, mice were anaesthetized by i.p. injection of a mixture ketamine (100 mg/kg) and xylazine (10 mg/kg). The chest cavity was then opened via a small incision, the aorta isolated and constricted by a 8-0 silk suture ligature tied firmly against a 27-gauge needle (TAC group), the needle removed, and the chest and overlying skin finally closed. A sham group undergoing a similar surgery but tying the suture was used as control. Cardiac function and remodelling were dynamically evaluated in mice by echocardiography. Mice were sacrificed 2 weeks after surgery. 
Enzymatic isolation of cardiac cells
Mice were anaesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg) administered i.p. Full anaesthesia was indicated by reduced breathing rate and lack of toe-pinch reflex response. Mice were then placed in dorsal recumbency, the chest opened, and the heart removed. The aorta was cannulated with a 21-gauge needle and secured to a Langendorff apparatus. 23 CMs were obtained by retrogradely perfusing the whole heart for 12 min with a buffer containing Liberase (Roche) (for all solutions, see Supplementary material online, Table S1 ). The digested heart was removed from the apparatus, submerged in Stop Solution, and dissected to separate the left ventricle from the right ventricle and atria. Tissue was then gently minced and pipetted to release cells. The cells were filtered through a 100-mm-mesh strainer to avoid contamination with undigested tissue fragments. 24 The choice of this calibre did not exclude fractions of cells capable of forming a biased myocyte population, since the range of cell sizes was comparable in meshentrapped and filtered cell fractions (see Supplementary material online, Figure S1 ). Collected cells were allowed to sediment by gravity in a 50 mL Falcon tube to separate viable, rod-shaped CMs-which form a loose pellet-from rounded, dead CMs and non-CMs, which remain in suspension. The pellet of viable cells was then filtered with a 100-lm strainer (Sysmex) and resuspended in Tyrode's solution to a final concentration of 1Â10 6 cells/mL prior to flow cytometry. As expected, we recovered $0.5Â10 6 cells from single adult ventricles. 25 
FACS of live cardiomyocytes
A three-step gating strategy was first used to eliminate debris, cell doublets, and dead cells: after incubating cells with LIVE/DEAD Fixable Aqua Stain (Life Technologies), following the manufacturer's instructions, debris and doublets were excluded using side scatter (SSC)/forward scatter (FSC) parameters, as per standard practice, on a FACSAria III (BD Biosciences) equipped with four lasers; dead cells were then gated out on the basis of their uptake of the live-cell-impermeant dye. Analysis of FSC-H and autofluorescence in the FITC channeldetected with a 530/30 band-pass (515 < _ k < _ 545 nm) filter-then distinguished two cell populations, termed FITC high /FSC dim and FITC dim / FSC high . The subpopulations were sorted using a 100-lm nozzle at 20 psi, 2000 plate voltage, and low flow rate at room temperature in order to minimize cell death and maximize sorting efficiency. The instrument's setup was checked daily for fluidic stability, laser alignment, and time delay, with the aim of minimizing fluctuations in the recovered autofluorescence signal-hereafter referred to solely as FITC. Notably, the choice of sorting mask is critical for the final purity and recovery of cells. We used a 4-way purity mode in which only drops free from contaminating cells were sorted. The yield and phase masks were set to 0 to ensure best sidestream quality. This sorting mode allowed the recovery of at least 25% of the theoretical total number of cells, corresponding to 55% of live single cells. However, less restrictive sorting masks can be chosen according to the experimental design. Figure S2 ).
FACS analysis of Td-tomato mouse cells
For the detection of Td-Tomato þ cells, we used a 561-nm solid-state laser source and a 586/15 band-pass filter to minimize spillover of the signal from the genetically encoded fluorescent protein into the FITC channel. . Briefly, for cytofluorometry, cells were intracellularly stained and then analysed for cardiac troponin T (cTnT), alpha sarcomeric actinin (aSA), and PCM-1 with standard techniques. Confocal microscopy was performed with an SP8 STED3X confocal microscope (Leica). Standard techniques were also used for RNA sequencing and real-time polymerase chain reactions (see Supplementary material online, Table S2 ).
Characterization of sorted subpopulations
Analysis of CM contraction
CM contraction was assessed by determining sarcomere shortening using an Ionoptix contractility system (IonOptix). Briefly, cells were fieldstimulated at frequencies of 0.5 Hz by constant depolarizing pulses (2 ms in duration, and twice diastolic threshold in intensity) by platinum electrodes placed on opposite sides of the cell chamber connected to a MyoPacer Field Stimulator (IonOptix). The stimulated CMs were displayed on a computer monitor by means of the IonOptix MyoCam camera connected to the side-port of the inverted microscope (Nikon TE2000, Nikon Instruments). Cell shortening was assessed by percentage of peak shortening (% PS). The contractility measurements were performed on the sorted and unsorted CMs derived from the same left ventricle.
Statistical analysis
Data are presented as mean ± SEM. Data normality was evaluated with the Kolmogorov-Smirnov test. Statistical comparison was performed on at least three independent experiments with the Mann-Whitney U test; two-way ANOVA combined with Tukey multicomparison was used for between-groups comparisons. Calculations were done with Prism 6.0 software (GraphPad). A value of P < 0.05 was considered significant.
Results
Adult mouse cardiac cells differ in intrinsic green autofluorescence
Cardiac cells were obtained by enzymatically digesting left ventricle of 8-12-week-old mice. To minimize false positive events due to the high autofluorescence of cell-cell aggregates and non-viable cells, a threestep gating strategy was first performed to exclude debris, doublets (29 ± 3.5%), and apoptotic cells (23 ± 2.6%) ( Figure 1A) . Thereafter, two distinct subpopulations were discernible, termed FITC Figure S4 ).
Differences in autofluorescence could be observed also upon confocal microscopy ( Figure 1C) . When we applied xyk-scan confocal analysis to the sorted subpopulations, exciting cells with a 488 nm argon laser and collecting 5-nm bandwidths of emission between 495 and 590 nm, we found that FITC high /FSC dim cells were characterized by a Notably, functional studies conducted on FITC high /FSC dim cells revealed that sorted CMs were viable and still able to contract, albeit stressed (see Supplementary material online, Figure S5 ).
FITC high /FSC dim cells express high levels of cardiac-specific markers
We then used cytoflurometry to measure expression of the wellestablished cardiac-specific markers PCM-1, cTnT, and aSA in the two subpopulations. FITC (Figure 2A) . In particular, over 90% of the former were PCM-1 þ and aSA þ , whereas the latter had significantly lower numbers of cells positive for these two markers (see Supplementary material online, Figure S6 ). Next, we used RNA sequencing to analyse global transcriptional profiles, with the aim of determining the distribution of ventricular and atrial CM genes as well as those of non-CMs in the two subpopulations. Unsupervised hierarchical clustering of the RNA-seq data indicated that the three biological replicates assessed within each condition were highly similar and that the two subpopulations were clustered apart ( Figure 2B ). 
Applicability of the autofluorescencebased method of CM isolation
In the effort to validate the method's applicability outside of its use on 8-12-week-old healthy mice, we first investigated FITC high / FSC dim cells during aging. The analysis of 24-and 44-week-old mice showed that CMs isolated from the left ventricle of older mice still maintained high intrinsic autofluorescence ( Figure 4A ), suggesting that our method would be of use for studies on the pathophysiology of CM aging. Second, we evaluated FITC high /FSC dim cells in pressure-overloaded mice. CMs isolated from the left ventricle of TAC mice maintained high intrinsic autofluorescence and did not differ in frequency from the control, sham group ( Figure 4B ). These findings demonstrate that there is no significant change in CM autofluorescence during aging and in the proposed injured-heart mouse model and are indicative of the applicability of this method for studying CM-specific gene expression changes in the healthy and injured heart.
Discussion
We describe here a method ( Figure 5 ) that overcomes the hurdles of current methodologies employed for isolating ventricular myocytes. This method has three main advantages. First, it is widely applicable to several molecular and biological studies because it does not require significant cell manipulation. Indeed, current approaches using immunophenotyping or the accumulation of fluorescent dyes in subsarcomeric and intermyofibrillar mitochondria, in addition to being expensive and timeconsuming, bear the limit of variability related to antigen expression. In fact, antigen expression on CM plasma membrane can change during cell maturation 6 or after the application of tissue digestion protocols. 27 Second, our method allows the isolation of highly purified vCMs from wild-type animals; thus, it overcomes the need for expensive genetically modified transgenic mice with inducible, cardiac-specific gene reporters for FACS-mediated isolation of CMs. In these models, moreover, interference of the transgene with CM gene expression cannot be excluded.
Third, our gating strategy clearly discriminates CMs from other cell types, cell aggregates, and dead cells, overcoming the limits of previously published autofluorescence-based methods. 21 Of note, the identification of freshly isolated adult vCMs through the exploitation of their autofluorescence requires a flow cytometer equipped with only basic optical benches, making this approach applicable in a wide range of research laboratories. Because right ventricle and atrial CMs are easily isolated, further studies on both these cell types are facilitated, too. Notably, CMs maintained high intrinsic autofluorescence also during aging and in a pressure-overload mouse model (TAC), supporting applicability of our autofluorescence-based CM isolation method in various fields of cardiovascular research.
In conclusion, we have set up a simple, cost-effective autofluorescence-based method that allows efficient isolation of a highly purified, viable population of adult ventricle-derived CMs. The method proposed has relevance for genetic and metabolic studies. For studies in electrophysiology, a less pure sample is sufficient, since single CMs are easily identifiable by eye; in this case, a gravitational method of cell separation may be more advantageous in that it causes less stress to the CMs than FACS. It is conceivable that our method could be applied also to the isolation of healthy ventricular myocytes from other species, including humans.
